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INTERPRETATION  AND  COMPARISON  OF  OUTPUT  SIGNALS 


FROM  LINEAR-FM  PULSE-COMPRESSION  SYSTEMS 

ABSTRACT 


Several  expressions  for  the  output  time  function  of  a  linear-FM  pulse-compres¬ 
sion  filter,  which  have  recently  been  derived,  (ESD-TDR-64-128)  are  compared 
and  interpreted.  Comparisons  are  made  analytically  as  well  as  graphically 
with  respect  to  several  pertinent  parameters. 

It  is  shown  that  if  the  phase  and  envelope  measurements  of  signals  returned 
from  an  actual  target  were  to  be  interpreted  as  though  the  signal  had  undergone 
a  Doppler  shift  (instead  of  a  time  dilation),  a  considerable  error  would  result 
for  high  target  velocities. 

The  feasibility  of  using  an  all-pulse-compression  system  for  obtaining  accurate 
estimates  of  radar  target  parameters  is  demonstrated.  Simple  analytic  expres¬ 
sions,  which  describe  the  phase  and  envelope  quite  well  during  the  time  of  mea¬ 
surement,  are  presented,  and  a  procedure  for  properly  interpreting  the  data  is 
indicated. 
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INTERPRETATION  AND  COMPARISON  OF  OUTPUT  SIGNALS 
FROM  LINEAR-FM  PULSE- COMPRESSION  SYSTEMS 

I’ll* 

This  document  is  an  extension  of  a  recent  theoretical  investigation  in 
which  several  expressions  (with  different  degrees  of  accuracy)  for  the  output  of 
a  linear- FM  pulse-compression  system  were  derived.  The  purpose  of  this 
report  is  to  compare  and  interpret  these  expressions.  For  convenience,  we 
shall  first  give  a  brief  summary  of  Ref.  [  1  ]  ,  using  the  same  notation  with  only  a 
few  exceptions. 

The  transmitted  signal  is  assumed  to  have  a  flat  band-limited  amplitude 
spectrum  and  a  linear  group  delay,  as  illustrated  in  Fig.  1.  For  simplicity, 
only  the  positive  half  Of  the  spectrum  is  shown.  (Here,  co  =  2 7r f ,  as  usual. ) 

For  large  values  of  the  time -bandwidth  product,  TW/27T ,  this  is  approximately 
a  linear  FM  signal.  The  following  two  pulse-compression  systems  are  of 
particular  interest  here: 


Pulse-Compression 

Systems 

B  =  W/2t r 

T 

Htj 

O 

11 

o£ 

to 

No.  1 

(1000:1  system) 

10  cps 

-3 

10  cps 

1280  Me 

No.  2 

(10,000:1  system) 

6 

5  x  10  cps 

-3 

2  x  10  sec 

1280  Me 

^Numbers  in  brackets  designate  references  at  end  of  text. 
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Fig.  1.  Transmitted  Signal 


The  pulse-compression  system  model  in  Fig.  2  is  used  in  the  analysis. 


h(t)=S(T-t) 


H(o>)=S*  (co)e  ja'T 


Fig.  2.  Model  of  Pulse-Compression  System 


The  receiver  is  seen  to  be  matched  to  the  transmitted  signal.  The  target 
is  assumed  to  be  a  point  target.  For  a  target  moving  with  uniform  radial  velo¬ 
city,  V,  the  relationship  between  the  transmitted  spectrum,  S(u>),  and  the  re¬ 
ceived  spectrum,  X(co),  is 

2R 

/  c+V\  /c+V  \  ~JL°  c 

=  k(— ")e  *  ^ 


2 


k  is  a  constant  which  depends  on  the  target's  cross  section, 

R  is  the  target's  range  when  the  pulse  strikes  it, 

V  is  the  target's  radial  velocity  when  the  pulse  strikes  it,  and 

c  is  the  velocity  of  light  in  free  space. 

If  the  change  in  range  and  radial  velocity  due  to  the  target's  radial  acceleration 
(and  higher  order  terms)  during  the  illumination  time  is  small,  Eq.  (1)  is  a 
good  approximation.  This  is  assumed  to  be  so  for  cases  of  interest  to  us. 

Thus,  the  original  spectrum,  S(co),  has  become  attenuated,  delayed,  and 
distorted.  We  may  think  of  each  frequency  component,  co.  ,  as  having  been 


shifted  to  a  new  value,  co.  (~rT  )  =  co.  (1  -  -~r) 

1  yc+V  /  l  y  c+V  J 


.  The  amount  of  shift 


depends  both  on  the  velocity  of  the  target  and  on  the  particular  frequency  of 

each  component.  In  the  time  domain  this  corresponds  to  a  "time  dilation." 

For  a  narrow-band  signal,  all  frequency  components  are  close  to  the 

center  frequency  co^  and  are,  therefore,  shifted  approximately  by  the  same 
2V  /  2V  \ 

amount,  — 77  u)n  «  -  ox  for  V  <  <  c  .  Under  this  assumption,  the 

c+V  u  \  c  u  J 

whole  spectrum  is  merely  shifted  and  no  distortion  has  taken  place.  Since 


c+V 

c-V 


1,  Eq.  (1)  then  simplifies  to 


2R 

2V  \  ^  c 

X(co)  =  kS  ( co  +  —  1  e 


(2) 
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We  concern  ourselves  here  with  radial  velocities  up  to  10,  000  meters/second. 
The  output  time  function  (refer  to  Fig.  2)  is  expressed  in  the  form 

y(t)  =  E  cos  6  . 

Assuming  that  a  simple  Doppler  shift  is  an  adequate  representation  [  i.  e.  ,  as¬ 
suming  that  (2)  is  valid]  ,  one  obtains 


E  = 


E 


2k  /w»\ 
*  \  2  / 


sin  t' 


2 


W» 

2 


(3a) 


9  =  9 _  =  to  't'  +  6  , 
d  0 


(3b) 


where  the  subscript  d  denotes  the  Doppler  case.  Here 


W»  _  W  V 

2  2  c  % 


“o'  "  “o  l1  -  I  1  ' 


if  ,  2R  _  T  /2V 
t*  =  t  -  —  -T+  —  —  co.  .  N  ,  ___  . 

c  W  \  c  0 )  i  +  for  FM  down 


.  T  (2V 

6  •  w 


,  W 
+  co_ 1  -  — 


-  for  FM  up 
+  for  FM  dov 

j  +  for  FM  up 


y  c  0/  —  0  2  j  -  for  FM  down 

where  the  +  and  +  notations  imply  that  the  first  sign  is  for  FM  up,  and  the  sec¬ 
ond  sign  is  for  FM  down.  Note  that  t'  =  0  corresponds  to  the  maximum  value 
of  E.  The  above  expressions  were  derived  primarily  as  a  check  and  as  an 
interesting  comparison  with  the  expressions  that  follow. 

Using  Eq.  (1)  as  a  description  of  the  returned  spectrum,  one  obtains, 
without  any  further  approximations, 
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Ee  ~  T  V  -/f  s(ux)  "  s(u2^  2  +  [  c(ux)  -  c(u2)]  2  '  >  (4a) 


e  =  + 

e  — 


T  4Vc 

t"  +  —  -  w" 

W  (c-V)2  ° 


-i  2 


„  T  4Vc 

W  ~  2 

(c-V) 


-  tan 


-1 

C(Uj)  -  C(u2) 


,  (4b) 


where  the  subscript  e  denotes  the  exact  case.  The  terms  S(u)  and  C(u)  are  the 
Fresnel  integrals,  as  defined  by  Eq.  (40a)  in  Ref.  [  l]  .  Here  we  have 
c-V 


U1  2 


v= 


W 

TVc 


W"  /  T  \  4Vc 
-  2  W  (c-V)2 


+  t" 


c-v  r 
u2  2  Vi T 


W 


TVc 


W"  /  T  \  4Vc 


2  \W/  ,  __  2 

(c-V) 


+  t* 


W" 

~T 


W  /  c 


V 


2  Ic+V  /  W0  c+V  * 


“o'  =  *6  (s7v 


W  /  V 
2  \c+V 


t"  =  t-  f-  -  T  +  il(^)  W  . 


2c 


co' 


-  c-V  V  W/  0  2  c-V  “0 

The  point  tf  1  =  0  corresponds  to  the  peak  of  the  envelope.  Approximations  to 
(4a)  and  (4b)  were  obtained  using  asymptotic  expansions  of  the  Fresnel  integrals. 
Denoting  these  approximations  by  the  subscript  a,  we  have 

W" 


2k  /c+v\  W"  sm  t"  2 
a  ~  T  \c-V )  2  .  W11 


(5a) 


9  =  w"  t"  + 

a  0  - 


2Vc 


(c-V) 


2  \  W 


2  /  W" 

<“o'>  -  — 


2  n 


(5b) 
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The  maximum  value  of  E  also  occurs  when  tM  =  0.  A  second  method  for 

a 

approximating  the  output  function  was  used.  A  simplification  was  made  with  the 

output  spectrum,  thus  eliminating  the  Fresnel  integrals.  This  method  yielded 

an  expression  for  E  identical  to  (5a)  and  an  expression  for  6  which  was  equal 

/w"\2  2 

term  was  missing.  Although  I  J  <  <  (o^')  , 

we  shall  see  later  that  this  term  is  necessary  to  properly  interpret  the  expres¬ 
sions  for  6  .  Equations  (5a)  and  (5b)  are  expected  to  be  good  approximations 
e 

to  the  exact  expressions  for  the  values  of  time  which  satisfy 
ii  Vc  /  T  \  V 

]t"|  >  100  W”  - —  ^-j*100  -  T  .  (6) 

One  comment  should  be  made  at  this  time.  In  Ref.  [  l]  we  referred  to 
the  expressions  denoted  here  by  E^,  and  E^  somewhat  loosely  as  envelope. 
Strictly  speaking,  this  term  applies  only  to  E  ,  since  E  and  E  take  on  nega- 

6  Q  3, 

tive  values.  The  envelopes  corresponding  to  Eqs.  (3)  and  (5)  are  |e,|  and 

d 

]  E  j ,  respectively.  The  abrupt  phase  reversal  which  occurs  as  a  result  of 
a 

the  change  in  sign  for  the  amplitude  can  be  absorbed  in  the  phase  function  by 
adding  a  term  n7r ,  where  n  is  even  when  the  amplitude  is  positive,  and  odd 
when  the  amplitude  is  negative.  We  shall  later  compare  E  with  |  E  |  and  6 

G  3,  G 

with  the  appropriately  adjusted  function  9  . 

3, 


to  (5b),  except  that  the 


6 


Instead  of  using  the  exact  but  unwieldly  expressions  in  (4),  we  would  like 
to  use  the  approximate  expressions  in  (3)  or  (5),  perhaps  in  conjunction  with  a 
simple  (we  hope)  error  function. 

Let  us  first  compare  Eqs.  (3a)  and  (5a).  They  are  both  of  the  form  sin  x/x. 
One  immediate  observation  is  that  the  peaks  occur  at  different  times.  In  the 
simple  Doppler  case  (Eq.  3a),  the  peak  occurs  when  t'  =  0,  i.  e.  ,  when 


2R  _  T  / 2V 
t  =  t  =  —  +T+  —  —  co 

d  c  —  W  \  c  0 


(7) 


(We  use  t ,  to  denote  the  time  of  the  peak  for  the  Doppler  case. )  The  peak  of 
d 

the  approximate  expression  (5a)  coincides  with  that  of  the  exact  expression. 
This  occurs  when  t"  =  0,  i.  e. ,  when 


t  =  t  = 
e 


2R  T  / 2V 

“  +  -  W  Ic^V 


CO' 


2c 


0  Vc-V 


W 

-  CO  +  — 

0  2 


(8) 


Note  that  if  the  velocity  is  constant,  true  estimates  of  range  and  velocity 
can  be  obtained  by  alternately  transmitting  FM  up  and  FM  down  and  taking  the 
sum  and  difference,  respectively,  of  the  time  delays.  This  is  true  for  both  (7) 
and  (8). 

Letting  At  =  t  -  t,  and  substituting  for  co",  we  obtain 
e  d  0 


At  —  +  — r 


_T. 

—  W  \  c 


2V\ 

CO 

0 

V 

_  -4- 

2V2 

w 

+  _ 

c-V/ 

c  2  t,2 

c  -V 

2 

'  2V\ 

V 

W 

c+V 


CO  —  +  — 

0  c  2 


(9) 
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4 

At  the  maximum  velocity  being  considered  here  (V  =  10  meters/second),  we 
have 


At  «  +  0.  0362  psec.  for  system  No.  1 
At  «  +  0.  0678/jsec.  for  system  No.  2 
This  corresponds  to  a  range  difference  of  approximately  46  half-wavelengths 
for  system  No.  1  and  87  half-wavelengths  for  system  No.  2. 

With  the  width  of  the  compressed  pulse  being  approximately  1  and  0.  2 
jusec. ,  respectively,  the  difference  in  delay  above  corresponds  to  about  4  per¬ 
cent  of  the  pulse  width  for  system  No.  1  and  34  percent  of  the  pulse  width  for 
system  No.  2. 

Except  for  this  difference,  expressions  (3a)  and  (5a)  are  virtually  the 

c+V  4 

same  since  — —  K  1  and  W"  «  W'  for  V  <  10  meters/second. 
c-V  — 


For  a  sin  x/x  function,  the  distance  between  the  points  where  x  = +_  7r/2 

is  commonly  referred  to  as  the  pulse  width.  Denoting  the  pulse  width  thus 

defined  by  r,  and  r  (with  reference  to  (3a)  and  (5a),  respectively),  and  letting 
d  a 

B  =  W/27T  and  fQ  =  co^/2,n ,  we  have 


B' 


2V  , 

B  -  -  f 

c  0 


Be  -  2  f  V  ’ 
0 


(10a) 


T  = 

a 


1 

B77 


c+V 


B  fa)  -  fo  fa) 


Be  -  2  f  V 


(10b) 
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Expression  (10b)  is  correct  for  a  receding  target.  For  an  approaching 
target,  the  bandwidth  of  the  returned  signal  would  be  widened  and  we  would  get 
a  narrower  pulse  with  a  pulse  width 


T 

a 


c-V 


Be  -  2  f  V 


(10c) 


Expression  (10a)  is  valid  in  either  case.  Thus,  t  >  t  for  a  receding  target, 

a  a 

but  t  <  r ,  for  an  approaching  target,  the  difference  being  equal  to 
a  d 


T  -  T 
a  d' 


V 


Be  -  2f  V 


This  is  only  about  0.  003  percent  of  the  pulse  width  in  the  worst  case. 


Zeros  of  the  two  sin  x/x  functions  occur  at  t'  =  gy  and  t"  = 


B' 


respectively.  (Here  n  =  1,  2,  3 . )  It  is  seen  that  the  two  envelopes  are 

about  the  same.  In  both  cases  the  pulse  gets  wider  as  V  increases,  while  the 
peak  amplitude  decreases  in  the  same  proportion. 

The  two  approximate  expressions  for  the  phases,  6  and  9  are  easily 

G  3. 

compared.  Both  are  linear  functions  of  time  with  approximately  the  same 
slope  (u>^  and  u^',  respectively).  The  value  of  0^  at  the  peak  of  the  envelope 
(i.  e. ,  at  t'  =  0)  is 


Similarly,  at  t' ' 


V1'  ■  °>  -  w 

=  0  we  have,  form  (5b) 


(11) 


9 


0  (t»  =  o)  =  +  m  ixi_ 

a  ’  -  VW  /  .  ...2 


2  /W" 

<“o>  -  — 


21 


(12) 


(c-V) 

These  values  are  substantially  different  from  each  other,  as  one  would  expect 
from  the  difference  in  the  time  delays. 

Let  us  next  consider  the  exact  equations  (4a)  and  (4b).  It  can  be  shown 
that  the  envelope  has  even  symmetry  with  respect  to  the  line  tM  =  0.  We 

established  in  Ref.  [  l]  that  E  =  0  at  t"  =  0,  from  which  we  concluded 

dt  e 

that  the  peak  occurs  at  t"  =  0.  It  can  also  be  shown  that  -7-  E  =  0  whenever 

dt  e 

t"  =  ,  where  n  =  1,  2,  3,  .  .  .  and  B"  =  W"/27r.  Thus,  not  only  does 


the  peak  of  E  occur  at  the  same  time  as  the  peak  of  E  ,  but  all  the  minimum 

G  cl 

values  of  E  occur  exactly  at  the  same  times  as  the  zero  values  of  E  .  This 
e  a 

implies  that  the  approximation  might  be  better  than  we  had  expected,  and  that 
it  might  even  apply  near  the  peak  of  the  envelope. 

With  the  hope  that  this  is  the  case  both  for  the  envelope  and  the  phase 
approximations,  a  computer  program  was  written  to  compute  A 6=6  -9 

0  3, 

(modified  6  )  and  AE  =  E  —  |  E  | .  Since  these  differences  are  expected  to  be 

cL  0  cl 

largest  for  high  radial  velocities,  numerical  answers  were  obtained  for 
3  4 

V  =  10  and  V  =  10  meters/second  for  both  the  No.  1  and  No.  2  systems. 

Power  series  expansions  were  used  for  the  Fresnel  integrals.  These 
expansions  converged  for  some  values  of  the  arguments  and  diverged  for  others. 


10 


Where  divergence  occurred,  the  desired  answers  were  obtained  by  hand  calcula¬ 
tions  with  the  aid  of  tables. 

The  difference  in  the  envelopes  was  normalized  with  respect  to  the  peak 
value  of  E  at  each  particular  velocity,  i.  e. ,  we  obtained 

cl 


AE' 


max  N  max  max 


(13) 


Using  (4a)  and  (5a),  and  letting  B  =  W/27T,  f  =  co^/27r,  we  have 

AE’  =  E;-Ea=  V^Vt  S<V  -  S(U2>1  2  +  [  C<V  -  C(u2)!  2 


sin  7rt"  B" 
7Tt"  B" 


(14) 


The  values  of  AE',  E  '  and  E  '  thus  obtained  were  plotted  as  a  function  of 

G  E 

t".  We  refer  to  E^  as  the  exact  envelope  (normalized  and  to  E^  as  the  |  sinx/x| 
envelope. 

3 

Curves  of  E  *  and  AE'  versus  t"  are  shown  in  Fig.  3  for  V  =  10  and  V  = 

3. 

4 

10  meters/second.  In  the  figure,  AE'  is  plotted  on  a  lOx  magnified  scale.  It 
can  be  seen  that  the  difference  between  the  exact  and  approximate  expressions 
is  quite  small.  The  largest  difference  occurs  when  E^  =  0  on  either  side  of 
the  main  lobe. 

It  is  interesting  to  see  the  effect  of  radial  velocity  on  the  pulse  width. 

(  The  pulse  width,  as  defined  by  (10),  is  half  of  the  width  of  the  main  lobe)  .  It 
is  important  to  remember  that  each  envelope  was  normalized  with  respect  to 
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its  own  peak  value,  so  that  the  decrease  in  the  peak  value  does  not  show  in  the 


figure. 

Figure  4  is  similar  to  Fig.  3.  It  shows  E '  and  AE  as  functions  of  t"  for 

a 

3 

the  10,  000:1  system  and  for  a  radial  velocity  of  10  meters/second.  The  differ¬ 
ence  between  E  '  and  E'  is  still  rather  small, 
e  a 

Figure  5  depicts  the  worst  case  considered,  system  No.  2,  for  a  target 

4 

velocity  of  V  =  10  meters/second.  Now  the  exact  envelope  is  sufficiently  differ¬ 
ent  from  the  approximate  envelope  to  be  noticeable  when  plotted  on  the  same 
scale.  It  can  be  seen  clearly  in  the  figure  that  E^,  the  exact  envelope,  does 

not  take  on  zero  values  but  has  minima  at  those  points  where  E ',  the  approxi- 

a 

mate  envelope,  goes  to  zero.  Again,  the  difference  between  the  two  envelopes 

is  largest  at  the  zero  points  closest  to  the  main  lobe. 

We  note  that  the  overall  behavior  of  E  ?  approaches  that  of  E  T  more  and 

e  a 

more  closely  as  |tM|  increases.  This  is  consistent  with  our  theoretical  predic¬ 
tions.  Note  that  the  approximations  are  quite  good,  even  in  the  immediate 
vicinity  of  tM  =  0.  This  far  exceeds  our  expectations. 

Let  us  next  consider  the  difference  between  the  exact  and  the  approximate 

phase  expressions,  A 6-6  -  6  .  We  had  originally  (in  Ref.  [l]  )  ignored  the 

e  a 

/W"\2 

term  (  I  in  the  expression  for  0  ,  and  the  numerical  calculations  were 
made  on  this  basis;  i.  e. ,  we  computed 
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Fig.  3.  |(sinx)/x  Envelope  and  AE'vs.  t 
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(sin  x)/x|  Envelope  and  "Exact"  Envelope 


a  e 


+ 


W(c-V)2 

8TVc 


"  S(Ui)  -  S(u^)*j  ^ 

_C(Ul)-  C(u2)Jj 


(15) 


In  arriving  at  this  expression,  a  0  was  used  which  is  the  same  as  in  (5b), 

a 

/w"\2 

except  that  the  I  — —  I  term  is  missing.  Since  W"  is  not  a  function  of  time, 

the  A 0  obtained  from  (15)  can  readily  be  adjusted  to  account  for  this  missing 
term. 

It  can  be  shown  that  both  terms  in  (15)  have  even  symmetry,  so  that  A  0 
need  only  be  computed  for  positive  (or  negative)  values  of  t".  Figures  6  through 
9  show  graphs  of  A 0  versus  t".  As  discussed  before,  0  was  adjusted  (by  adding 

3. 

it  radians  at  appropriate  times)  to  account  for  the  abrupt  phase  change  which 
occurs  when  E  changes  sign  (|e  |  and  E  are  never  negative). 

cl  3.  0 

3 

Figure  6  applies  to  system  No.  1  with  V  =  10  meters/second.  Note  that 
the  vertical  scale  has  been  expanded  near  A 0  =  0  to  show  greater  detail  (Fig. 

6a).  The  discontinuities  in  the  graph  may  appear  strange  at  first  sight,  but 
can  be  explained  in  the  following  way:  0  makes  a  sudden  jump  of  7 r  radians  at 
the  points  where  |e  |  =  0  (i.  e. ,  at  the  times  when  E  changes  sign).  This  can 

3.  3l 

be  depicted  by  a  step  function,  as  shown.  The  exact  phase  function,  0  ,  also 
goes  through  a  phase  change  of  7 r  radians,  but  does  it  in  a  gradual  fashion,  as 
indicated.  The  difference,  A 0,  has  the  same  shape  as  in  Fig.  6. 
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Phase  Difference  vs. 


Expansion  of  Vertical  Scale 


Except  for  these  discontinuities,  A 6  is  seen  to  approach  the  dashed  line 
indicated  in  Fig.  6a.  This  dashed  line  would  be  the  zero  axis  if  we  had  not 

/w"\2 

omitted  the  I  — —  I  term  in  Eq.  (5b).  It  can  be  seen  that  the  curve  is  quite 
flat  in  the  vicinity  of  t"  =  0. 

The  same  comments  apply  to  Figs.  7,  8,  and  9.  Note  that  we  are  still 
using  an  expanded  scale  for  Figs.  7  and  8,  but  not  for  Fig.  9.  Figure  9  depicts 

4 

the  worst  case,  i.  e.  ,  the  10,  000: 1  system  with  V  =  10  meters/second.  The 
difference  between  the  abrupt  and  the  gradual  transitions  is  considerably 
greater  than  in  the  other  cases.  Even  for  this  worst  case,  however,  A 9  is 
fairly  constant  in  the  immediate  vicinity  of  t"  =  0. 

Let  A 6  (0)  be  the  value  of  A0  in  the  flat  region  near  t"  =  0.  In  each  of  the 
four  cases  we  have  considered  it  turned  out  that 
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Phase  Difference  vs. 


A0(O)  =  | 


W" 


2 


2T  Vc 
(c-V)2  W  _ 


(16) 


2 

This  is  —  times  the 

O 


W"\2 


term  in  (5b),  which  was  originally  ignored.  We 


shall  assume  that  the  empirical  relation  (16)  will  hold,  in  general,  since  the 
behavior  of  A  6  and  AE  has  been  quite  consistent  so  far.  We  have  found  (16)  to 


3  4 

hold  for  large  values  of  velocity  (V  =  10  and  V  =  10  meters/second).  Both 


Eq.  (16)  and  intuitive  reasoning  indicate  that  A0(O)  is  small  for  low  velocities 
(say  for  V  _<  100  meters/second).  Thus,  even  if  (16)  should  not  hold,  in  gen¬ 
eral,  only  a  small  error  would  result  by  assuming  that  it  does.  We  shall, 
therefore,  approximate  the  exact  phase  near  t"  =  0  by  using  the  approximate 
phase  expression  plus  the  above  correction  term;  i.e. ,  we  let 

6=6  +  A0(O),  for  small  values  of  t". 
e  a 

Using  (5b),  and  (16),  we  obtain 


(17) 


Even  in  the  worst  case  (as  depicted  by  Fig.  9),  this  expression  is  quite  good 


t,  where  r  is  the  pulse  width  defined  previously. 


for  values  of  t" 


Thus,  we  can  obtain  very  good  point  estimates  of  phase  by  integrating  the  phase 
over  a  symmetrical  region  (with  respect  to  t"  =  0)  which  is  not  greater' than 
t/4.  Fortunately,  this  is  exactly  where  we  want  to  make  our  phase  measure¬ 
ment,  because  the  signal-to-noise  ratio  is  highest  near  the  peak  of  the  envelope. 
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Consider  a  phase  measurement  technique  similar  in  principle  to  that  used 

[2] 

in  the  sequential  Doppler  processor  .  Suppose  we  use  a  single  reference 

oscillator  of  frequency  f^,  which  is  phase-locked  to  the  transmitted  signal;  i.  e.  , 

suppose  we  have  available  the  reference  signal  r  (t)  =  A  cos  00  t,  where  A  is  a 

c  u 

constant.  Let  us  call  to„  t,  the  reference  phase,  0  so  that 

0  r 

r  (t)  =  A  cos  0  =  A  cos  u>.  t  .  (18) 

c  r  0 

If  we  pass  this  signal  through  a  90-degree  phase  shifter,  we  obtain 

/  7T 

r  (t)  =  A  sin  0  =  A  cos  I  9  -  — 

s  w  r  l  r  2 

Let  us  mix  (i.  e. ,  multiply)  the  output  function,  y  (t),  with  both  r  (t)  and  r  (t). 

0  c  s 

We  have 


rc  (t)  yg  (t)  =  (A  cos  0r)  (Eg  cos  0g) 

AE 

=  — ■—  [cos  (0  -  0  )  +  COS  (0  +  0  )]  . 
2  re  re 


Similarly, 


r  (t)  y  (t) 
s  e 


A  cos 

AE 

e 

2 


E  cos  0 
e  e 


+  cos 


+  0  - 
e 


(20) 


(21) 


[  2] 

L  "Determination  of  Signal  Frequency,  Phase  and  Amplitude  from  the  Outputs 
of  the  Sequential  Processor  Fine  Doppler  Integrators,"  Bequaert  and  Manasse, 
MITRE,  October  1962,  AF19(628)-2390,  TM-3410  (ESD-TDR-63-203). 
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Suppose  we  filter  the  high-frequency  components  and  call  the  remaining  signals 

y  (t)  and  y  (t),  respectively;  i.e.  , 
c  s 


AE 

yc  (t)  =  V 


cos  (0  -  0  )  , 
r  e 


AE  .  v  AE 

ys(t)  =  ^  cos  (er-9e-  6 


(22) 


sin  (6  -  0  ) 
r  e 


As  stated  before,  we  wish  to  obtain  the  phase  measurements  near  the  peak  of 

the  envelope;  i.  e.  ,  near  t"  =  0.  The  reference  phase  0  can  be  expressed  as  a 

r 

linear  function  of  t".  Now  if  we  restrict  ourselves  to  an  interval  I  about  t"  =0, 
which  is  no  larger  than  of  the  pulse  width,  0 can  also  be  represented  by  a 
linear  function  of  t". 

Hence,  the  phase  difference  is  a  linear  function  of  t",  i.  e.  ,  we  let 


0-0  =  ft"  +  0  , 

r  e 


(23) 


where  f  and  p  are  functions  of  R  and  V.  Using  (17),  we  obtain,  after  some 
algebra, 


0 


2Vc 


2  2  2 
(c  -V  ) 


f 


V  / 

c+V  \°0  + 


(24) 


2Vc  \  W 
C2-V2J  2_ 

2  ll 

-  3  “0WVC 


(25) 
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We  assume  the  envelope  E  to  be  fairly  constant*  (say,  E  =  K),  in  the  interval  I. 

6  0 

Then,  using  (23),  we  can  write  (22)  as 


AK 

yc  (t)  =  —  cos  (ft"  +0)  , 


AK 

ys  (t)  =  —  Sin  (ft"  +0)  . 


Averaging  these  functions  over  I,  we  obtain 


(26) 


-I  l/2 

Yc  =  y  J  yc  (t)  dt"  =  ^  cos  0  sin  (5-), 

1/2 

Ys  -  t  $  ys « ■  Is  sto»sto(?  i- 


(27) 


(28) 


Division  of  (28)  by  (27)  yields 


Y 

=  tan  0  .  (29) 

c 

Note  that  this  ratio  is  independent  of  the  integration  interval  I,  provided, 
of  course,  that  the  interval  is  symmetric  about  the  line  t"  =  0.  (An  error  of 
AI  in  the  determination  of  the  center  line  t"  =  0  would  not  result  in  a  large 
error  if  AI  <  <  I,  because  we  are  dividing  by  I. )  The  phase  angle  0  thus  mea¬ 
sured  is  identical  with  what  we  would  obtain  if  we  were  able  to  obtain  a  spot 
measurement  of  phase  exactly  at  the  peak  of  the  envelope.  It  is  very  close 
(within  2  degrees  in  the  worst  case)  to  a  spot  measurement  obtained  anywhere 


*In  practice,  the  output  function  is  passed  through  a  limiter  to  make  the  enve¬ 
lope  exactly  flat  in  the  desired  interval  and  to  eliminate  dynamic  range  problems. 
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in  the  immediate  vicinity  of  t"  =  0  (|tM  |  _<  l/8  of  the  pulsewidth),  because  the 
time-varying  term  ft"  is  a  slowly  varying  function. 

Let  us  now  investigate  how  we  might  relate  a  sequence  of  phase  measure¬ 
ments  to  the  coefficient  of  the  range  polynomial  of  a  given  target.  We  shall  use 
(25)  as  a  description  of  each  phase  measurement.  Rewriting  (25)  in  an  abbre¬ 
viated  form,  we  have 

0  =  k^  +  k^R+F(V)  ,  (30) 

where 

/  2w  \ 

k  and  k  are  constants  (k  =  T,  k  =  - -  )  ,  and 

1  2  \l  0  2  c  / 

F(V)  is  a  smooth  function  of  V,  which  can  be  very  well  represented 

by  a  polynomial  in  V  over  the  region  0_<  V  10^  meters/second. 

We  emphasize  again  that  R  and  V  refer  to  the  range  and  radial  velocity, 

respectively,  at  the  time  that  the  target  is  being  illuminated.  Suppose  this  time 

were  known.  We  could  then  plot  two  sets  of  points  of  measured  phase  vs  time, 

one  set  corresponding  to  FM  up,  the  other  to  FM  down.  The  ambiguities  for 

both  sets  of  data  can  be  resolved  in  the  same  way  as  is  presently  done  with  the 

MITRE  Department  D-82  radar.  Each  point  would  be  plotted  at  the  proper  time 

of  illumination.  The  two  curves  connecting  these  points  would  be  smooth, 

since  R  and  F(V)  are  both  smooth  functions.  The  FM-up  curve  would  deviate 

from  the  curve  k  +  k  R  by  +  F(V),  and  the  FM-down  curve  would  deviate  from 

k  +  k  R  by  -  F(V).  The  average  of  the  two  curves  would,  therefore,  be  equal 
1  2 
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to  k  +  k  R.  Except  for  the  additive  constant  k  and  the  scale  factor  k  ,  this 
^  1  2 

average  curve  would  then  be  identical  to  the  range  polynomial  R(t).  Since  k^ 
and  ko  are  known  constants,  we  can  consider  the  problem  of  determining  the 
coefficients  of  our  range  polynomial  as  being  virtually  solved,  provided  that  the 
illumination  times  can  be  determined. 

Let  us  therefore  turn  to  the  problem  of  relating  the  time  when  the  envelope 
peaks  to  the  time  when  the  pulse  strikes  the  target.  Let  us  refer  to  the  former 
as  t^,  the  time  of  measurement,  which,  from  (8),  is  equal  to 


2R 


m  T 
+  T  +  — 


-  W  Vc-V 


2V 


u> 


0 


c2+V2 

,c2-V2. 


W  /  2Vc  ' 
T  '  c2-V2, 


(31) 


It  is  assumed  that  the  pulse  was  transmitted  at  time  t  =  0.  The  time  of  illumina- 

R 

tion  is  given  by  t^  =  —  .  Letting  G(V)  be  equal  to  the  term  following  the 

sign,  we  can  write  (31)  as 


tM  =  2  tj  +  T  + G(V)  .  (32) 

If  we  knew  V,  the  radial  velocity  at  time,  t^,  exactly,  we  could  evaluate 
G(V)  and  determine  t^  exactly.  If  we  had  a  fairly  good  estimate  of  V  we  might 
be  able  to  determine  t^  to  a  high  enough  accuracy. 

4 

Now,  G(V)  is  a  smooth  function  which  for  0  _<  V  _<  10  meters/second 

T  /2  V  \ 

approximately  linear  with  slope  —  (— ■  co^J  .  We  believe  that  we  can  esti¬ 
mate  radial  velocity  from  two  consecutive  target  returns  to  an  accuracy  of  10 
meters /second.  The  resulting  error  in  the  determination  of  t^  would  then  be 
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approximately  0.  085  /usee. ,  for  the  1000:1  system,  and  0.  034  nsec,  for  the 
10,  000:1  system.  (This  error  is  of  the  same  order  of  magnitude  as  the  error 
in  determining  where  the  peak  of  the  envelope  occurs. )  The  corresponding 

4 

maximum  range  error  (for  V  =  10  meters/second)  is  less  than  1  millimeter. 
Moreover,  this  type  of  error  is  "noise-like,  "  and  would  be  further  reduced  by 
smoothing,  thus  making  it  negligible. 

We  conclude,  therefore,  that  it  is  quite  feasible,  in  principle,  to  obtain 
accurate  estimates  of  the  pertinent  target  parameters  by  obtaining  phase  mea¬ 
surements  on  the  compressed  pulse.  Note  that  the  reasoning  employed  in 
arriving  at  this  conclusion  is  valid,  regardless  of  the  degree  of  the  range  poly¬ 
nomial,  R(t).  In  fact,  R(t)  need  not  even  be  a  polynomial  -  any  smooth  function 
which  allows  interpolation  between  sample  points  would  do.  The  same  is  true 
for  the  function  F(V),  which  is  a  measure  of  the  deviation  of  the  sampled  phase 
function  from  R(t).  The  only  requirement  on  F(V)  is  that  it  be  a  smooth  func¬ 
tion  which  is  the  same  for  FM  up  and  for  FM  down. 

Furthermore,  it  is  not  necessary  to  use  a  uniform  repetition  rate  or  any 
particular  FM  up-down  pattern.  The  only  requirement  is  that  the  up-down 
pattern  allows  the  construction  of  two  phase  plots  (one  for  FM-up,  one  for 
FM-down)  which  are  valid  over  a  common  time  interval.  For  the  sake  of  being 
explicit,  let  us  outline  a  procedure  for  relating  the  phase  measurements  to 
R(t).  Suppose  N-coded  pulses  are  transmitted  at  times  T  ,  T^>  .  .  .  ,  T^. 
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th 

Let  tjj  be  the  time  it  takes  the  j  pulse  to  reach  the  target  [which  would  then 

be  at  range  R.  =  R(t.),  where  t.  =  T.  +  tT  1.  Let  tM.  be  the  time  at  the  peak  of 
J  J  J  J  Ii  MJ 


.th 


the  j  compressed  pulse  measured  from  T.,  and  let  0^  be  the  phase  measured 

at  time  T.  +  Ta/t.- 
J  J 

Figure  10  is  a  rough  sketch  of  the  relationship  between  the  various  quanti¬ 


ties. 


Fig.  10.  Relationship  Between  Various  Quantities 


There  are  four  pieces  of  data  to  be  stored  for  each  transmitted  pulse, 
th 

For  the  j  pulse,  these  are  T^,  T^,  0^  and  the  mode  of  transmission  (FM  up 


or  down). 
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Let  us  assume  that  a  good  estimate  of  V  is  available.  Using  that  value 
of  V,  G(V)  in  (32)  can  be  computed,  and  tj^  can  be  obtained  with  the  aid  of  (32). 
The  measured  value  of  phase  can  then  be  associated  with  the  time,  t  . 

If  this  procedure  is  followed  for  all  N  pulses  and  if  an  up-down  pattern  is 
used  which  allows  the  construction  of  a  curve  for  both  FM  up  and  FM  down  over 
a  common  region,  one  can  obtain  curves  that  look  something  like  those  sketched 
in  Fig.  11. 

Since  the  absolute  value  of  phase  cannot  be  determined  from  phase  mea¬ 
surements  alone,  the  position  of  the  zero  axis  in  Fig.  11  is  arbitrary. 


i 

< 


Fig.  11  .  Curves  for  FM  Up  and  FM  Down  over  a  Common  Region 
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In  the  figure,  0  (t)  and  0(jQwn  (t)  denote  the  polynomials  which  have  been 

fitted  to  the  data  points  corresponding  to  FM  up  and  FM  down,  respectively. 
Letting  0av^  (t)  be  the  average  of  these  two  curves;  i.  e. ,  0&Vg  (t)  =  [  0  (t) 

+  0down  ^  ’  we  obtain>  usinS  Eq.  (30), 


2u 

0  (t)  =  &  T  +  -  R(t)  . 

avg  w  0  c  w 


(32) 


If  0^  (t)  is  described  by  a  polynomial  of  degree  n,  i.  e. , 

2  n 

o  (t)  =  a+at  +  at+...+at 
avg  0  12  n 


we  can  let 

R(t)  =  b  +  b  t  +  b  t2  +  .  .  .  +  b  tn  , 
w  0  12  n 

and  solve  for  all  the  b  coefficients,  except  b^,  from  the  known  a  coefficients  by 
letting 


b. 

i 


1,  2, 


n  . 


If  R(t)  is  known,  except  for  the  initial  value  b  ,  V(t)  is  readily  obtained  by 
differentiating  R(t).  The  knowledge  of  V(t),  in  turn,  allows  the  determination 
of  b^  from  the  t^  measurements  with  the  aid  of  Eq.  (31).  This  finishes  the 
problem  if,  as  was  assumed,  we  indeed  had  a  good  initial  estimate  of  radial 
velocity.  If  such  an  estimate  were  not  available,  it  could  be  obtained  by 
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transmitting  first  an  FM-down  pulse  at  time  T  ,  followed  by  an  FM-up  pulse  at 
time  T0  (or  vice  versa),  and  observing  the  times  tjj  and  t]yj9.  From  (31)  we 
have,  approximately, 
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If  we  let  V  be  the  average  value  of  V  and  V  ,  and  let  R0  be  approximately  equal 

X  Li  Ld 

to  R  +  V  (T  -  T  ),  (33)  becomes 
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Subtracting  tM,  from  t^j  ,  we  obtain 
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Note  that  the  same  procedure  would  apply  if  the  exact  expression  (31)  were 
used.  We  would  only  have  to  solve  a  more  complicated  expression  for  V. 
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The  value  V  thus  obtained  is  not  very  different  from  either  V  or  V  for 

1  2 

any  reasonable  repetition  frequency.  Say  a  prf  of  30  sec  ^  is  used,  and  consider 

2 

a  (very  conservative)  maximum  radial  target  acceleration  of  200  meters/second  . 
Then  V  is  approximately  equal  to 

La 

1  +  meters/second, 

and 

V  «  +  3.33  meters/second  , 

which  is  well  within  the  error  of  10  meters/second  we  had  previously  considered. 

Clearly,  estimates  of  all  successive  values  of  V  can  be  obtained  by  using 
the  last  available  estimate.  These  estimates  can  be  improved  as  more  and  more 
data  points  become  available.  We  shall  not  go  into  any  detailed  discussion  at 
this  time  of  how  the  data  processing  might  best  be  accomplished.  It  may  be 
necessary  to  use  an  iterative  technique  to  obtain  a  high  enough  accuracy  in  the 
estimation  of  the  target  parameters. 

The  next  step  in  this  theoretical  investigation  will  be  to  consider  what 
effect  certain  deviations  from  the  idealized  spectrum  of  the  transmitted  signal 
would  have  on  the  output  function.  In  particular,  we  wish  to  know  whether  these 
effects  are  serious  enough  to  invalidate  our  way  of  measuring  and  interpreting 
the  data.  We  shall  also  consider  the  effects  of  noise,  and  what  would  be  gained 
if  we  approached  a  matched  filter  more  closely. 

M.  H.  Ueberschaer 


33 


REFERENCES 


Ueberschaer,  M.  H.  Phase  and  Envelope  of  Linear- FM  Pulse- 
Compression  Signals  from  High  Velocity  Targets,  Bedford,  Massa¬ 
chusetts:  The  MITRE  Corporation,  ESD-TDR-64-128,  August 
1964,  UNCLASSIFIED. 

Bequaert,  F.  C.  and  Manasse,  R.  Determination  of  Fre¬ 
quency,  Phase  and  Amplitude  from  the  Outputs  of  the 
Sequential  Processor  Fine  Doppler  Integrators,  Bedford, 
Massachusetts:  The  MITRE  Corporation,  ESD-TDR-63-203, 
February  1963,  UNCLASSIFIED. 


UNCLASSIFIED 


Security  Classification 


DOCUMENT  CONTROL  DATA  .  R&D 

(Security  claeei  fication  ot  title,  body  of  abstract  and  indexing  annotation  must  be  entered  when  the  overall  report  is  classified ) 

1  .  ORIGINATIN  G  ACTIVITY  (Corporate  author) 

MITRE  CORPORATION,  BEDFORD,  MSSS. 

2  a.  REPORT  SECURITY  C  L  ASSI  FI  C  A  TION 

UNCTASSTFIFD 

26  GROUP 

N/A 

3  REPORT  TITLE 

Interpretation  and  Comparison  of  Output  Signals  From  Linear-FM  Pulse-Compression 
Systems 

4  DESCRIPTIVE  NOTES  (Type  of  report  and  inclusive  dates) 

None 

S  AUTHORfSJ  (Last  name,  fi ret  name,  initial) 

Uebcrschaer,  M.H. 

6.  REPO  RT  DATE 

Aug  64 

7a.  TOTAL  NO.  OF  PAGE*  7  b.  NO.  OF  REFf 

en  2 

8*.  CONTRACT  OR  GRANT  NO. 

AF19 (628)2390 

b.  PROJECT  NO. 

750 

c. 

d. 

9  a  ORIGINATOR*?  REPORT  NUMBERfSj 

.  TM-03984 

96.  OTHER  REPORT  NO (S)  (A  ny  other  numbers  that  may  be  assigned 
this  report) 

ESD-TDR-64- 1 29 

10.  AVAILABILITY/LIMITATION  NOTICES 

Qualified  Requesters  May  Obtain  Copies  From  DDC. 

11.  SUPPLEMENTARY  NOTES 

12  SPONSORING  MILITARY  ACTIVITY 

Directorate  of  Radar  and  Optics,  ESD, 

L.G.  Hanscom  Field,  Bedford,  Mass. 

13.  ABSTRACT 


Several  expressions  for  the  output  time  function  of  a  linear-BA  pulse- 
compression  filter,  which  have  recently  been  derived,  (ESMDR-64-128)  are 
compared  and  interpreted.  Comparisions  are  made  analytically  as  well  as  graphi¬ 
cally  with  respect  to  several  pertinent  parameters.  It  is  shown  that  if  the  phase 
and  envelope  measurements  of  signals  returned  from  an  actual  target  were  to  be 
interpreted  as  though  the  signal  had  undergone  a  Doppler  shift  (instead  of  a  time 
dilation),  a  considerable  error  would  result  for  high  target  velocities.  The 
feasibility  of  using  an  all-pulse-compression  system  for  obtaining  accurate 
estimates  of  radar  target  parameters  is  demonstrated.  Simple  analytic  expressions, 
which  describe  the  phase  and  envelope  quite  well  during  the  time  of  measurement, 
lire  presented,  end  a  procedure  for  properly  interpreting  the  data  is  indicated. 


(This  Abstract  is  UNCLASSIFIED) 


DD  ,!?K.  1473  UNCLASSIFIED 


Security  Classification 


UNCLA3SIFIH) 

Security  Classification 


KEY  WORDS 


Electronics 

Linear  Systems 

FM  Pulse  Systems 

Compression  Systems 

Output 

Radar 

Tracking 


LINK  A 

LINK  B 

LINK  C 

ROLE 

WT 

ROLE 

WT 

ROLE 

WT 

INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  the  name  and  address 
of  the  contractor,  subcontractor,  grantee,  Department  of  De¬ 
fense  activity  or  other  organization  (corporate  author)  issuing 
the  report. 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  security  classification  of  the  report.  Indicate  whether 
“Restricted  Data”  is  included  Marking  is  to  be  in  accord¬ 
ance  with  appropriate  security  regulations. 

26.  GROUP:  Automatic  downgrading  is  specified  in  DoD  Di¬ 
rective  5200.10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  ahould  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR(S):  Enter  the  name(s)  of  author(s)  as  shown  on 
or  in  the  report.  Entei  last  name,  first  name,  middle  initial. 

If  military,  show  rank  and  branch  of  service.  The  name  of 
the  principal  author  is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year,  or  month,  year.  If  more  than  one  date  appeara 
on  the  report,  use  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
should  follow  normal  pagination  procedures,  Le.,  enter  the 
number  of  pages  containing  information. 

76.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

86,  8c,  fit  8 d.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  such  as  project  number, 
subproject  number,  system  numbers,  task  number,  etc. 

9a.  ORIGINATOR'S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  This  number  must 
be  unique  to  this  report. 

96.  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  any  other  report  numbers  (either  by  the  originator 
or  by  the  sponsor),  also  enter  this  number(s). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statementa 
auch  as: 

(1)  “Qualified  requesters  may  obtain  copiea  of  this 
report  from  DDC.” 

(2)  “Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized.” 

(3)  “U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 

>» 


(4)  “U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC.  Other  qualified  uaers 
shall  request  through 


(5)  “All  distribution  of  this  report  is  controlled  Qual¬ 
ified  DDC  users  shall  request  through 

»* 

If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

11.  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay¬ 
ing  for)  the  research  and  development  Include  address. 

13-  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  space  is  required,  a  continuation  sheet  shall 
be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  reports 
be  unclassified.  Each  paragraph  of  the  abstract  ahall  end  with  J 
an  indication  of  the  military  security  classification  of  the  in-  I 
formation  in  the  paragraph,  represented  as  (TS),  (S),  (C),  or  (U)  '1 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  150  to  225  words. 

14  KEY  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required.  Identi¬ 
fiers,  such  as  equipment  model  designation,  trade  name,  military 
project  code  name,  geographic  location,  may  be  used  as  key 
words  but  will  be  followed  by  an  indication  of  technical  con¬ 
text.  The  assignment  of  links,  rules,  and  weights  is  optional. 


UNCLASSIFIED - 

Security  Classification 


